ABSTRACT: We present a detailed study of the excited state properties of 5-benzyluracil (5BU) in the gas phase and in implicit solvent using different electronic structure approaches ranging from time-dependent density functional theory in the linear response regime (LR-TDDFT) to a set of different wavefunction-based methods for excited states, namely perturbed coupled cluster (CC2), algebraic diagrammatic construction method to second order (ADC (2)), and perturbed configuration interaction (CIS(D)). 5BU has been used to investigate DNA base−amino acid interactions. In particular, it served as a model of protein−DNA photoinduced cross-linking. While LR-TDDFT is computationally the most efficient first-principles approach for static and dynamic simulations of this bichromophoric system, its accuracy is difficult to assess due to the presence of excited states with charge transfer character. In this work, the performance of different exchange correlation functionals is compared against accurate benchmarks obtained either from high level wave-function-based methods or directly from experimental absorption spectra. Our investigation shows that accurate results for the excitation energies can be obtained using the hybrid meta-GGA functional M06. In view of dynamical studies of the relaxation of 5BU after photoexcitation, we also show that the PBE functional, while failing in the Franck−Condon region, provides qualitatively good results for the characterisation of a possible photocyclization path.
INTRODUCTION
5-Benzyluracil (5BU) is a RNA/DNA base derivate obtained from uracil ( Figure 1a ) by formally replacing a hydrogen atom with a phenyl group (via a methyl bridge) in position 5 or, equivalently, from thymine ( Figure 1b ) adding phenyl directly to the methyl group. This molecule allows the study of the proximity interactions of a pyrimidine nucleobase with an aromatic chromophore (the uracil moiety playing the role of a DNA/RNA base pair). The two aromatic moieties can be interpreted, in biological terms, as representative components of DNA/RNA base pairs (the uracil ring) and aromatic protein amino acids (e.g., phenylalanine or tyrosine). The two rings are kept in a favorable configuration for cross-linking by the methyl linker ( Figure 1 ). After UV irradiation one observes the formation of 5,6BU, a cyclized structure in which a covalent bond between the carbons in position 6 and 10 is formed (Figure 1c,d ). This reaction can be used as a local model of photoinduced DNA protein cross-linking. 1 Because of their biological relevance, the photophysics and photochemistry of 5BU have been recently studied combining steady state spectroscopy and calculations based on linear response−time dependent density functional theory (LR-TDDFT). 2 It has been shown that most of the principal properties characterizing the DNA pyrimidine nucleobases (excited states assignment, absorption and emission transitions, ultrafast electronic radiative decay time scale) are not perturbed by the chemical addition of the phenyl group in 5BU. However, it was also shown that in 5BU an excited state with strong charge transfer (CT) character is present, with partial hole on the benzene and excited electron on the uracil. This state is particularly important for the photoreactivity of the molecule since it appears to be the most likely channel for the photocyclization reaction.
The electronic structure calculations performed to obtain the results reported in ref 2 are particularly challenging due to the bichromophoric nature of this system. In fact, it is well documented that LR-TDDFT often underestimates excitation energies involving states with strong CT character. 3−5 In general, testing the accuracy of LR-TDDFT (or DFT) calculations is not trivial, since the results depend on the choice of the exchange correlation (xc) energy functional employed. Most functionals are constructed using physical principles and/or fitting procedures, and it is difficult to systematically assess their relative performances in the absence of reference data. On the other hand, the use of post-Hartree− Fock multideterminant methods to fully characterize the excited states of 5BU is not possible with reasonable computational cost. Indeed, it was recently shown in studies of 5BU in the gas phase at the CASSCF-CASPT2 level of theory 6 that the size of the affordable active space does not allow an adequate description of the first excited states of this molecule in the Franck−Condon region. Alternatively, semiempirical approaches 7, 8 (such as PM3, OM2, and OM3) could be used, but these require parametrization and validation processes that go beyond the scope of this work.
In this work, we extend our analysis of LR-TDDFT for the calculation of the electronic structure of 5BU in the gas phase and in implicit solvent with the aim of assessing (using a systematic approach) the most accurate exchange and correlation (xc) functional for the description of the photoreaction mechanism. This is done using different standard approximations for the xc functional and comparing the results with benchmark calculations performed in gas phase and in implicit solvent models. When available, the LR-TDDFT results are compared to experimental spectra obtained in solution. We proceed following the conceptual ranking of the approximated xc functionals proposed in 2001 by Perdew and Schmidt, 9 known as the "Jacob's ladder" for DFT/LR-TDDFT functionals, to which we will refer in the following as the Perdew's ladder. We test the performance of popular functionals belonging to different rungs of the ladder, and we compare their performance by considering in particular (i) the absolute and relative energies of the states, (ii) the assignment of the character of the different excited states, and (iii) the accuracy of the energies of the CT states. This last analysis is particularly relevant given its significance for our study on molecular photochemistry and the known failures associated with the calculation of CT excitation energies within LR-TDDFT.
3−5
Finally, we also investigate the possibility to use the generalized gradient approximation (GGA) of the xc energy functional for the description of the putative reactive decay path connecting 5BU to the photoproduct 5,6BU along the CT potential energy surface (PES). As we will show in the following, even if in the Franck−Condon region the GGA functionals (we tested, in particular, the PBE 10 ) describe very poorly the global manifold of excited states, the accuracy of the CT PES in regions of the molecular configurational space along the reactive decay path (and therefore away from the Franck− Condon region) improves significantly. Although further validation may be required, the low computational cost associated with this approximation in plane waves based firstprinciples codes makes it an interesting candidate for studying the cyclization mechanism using on-the-fly nonadiabatic molecular dynamics techniques.
11−14
2. COMPUTATIONAL DETAILS The LR-TDDFT calculations were performed using six different popular xc functionals belonging to different rungs of the Perdew's ladder 9, 15 sketched in the scheme below for the reader's convenience. In this notation, n(r) is the electronic density, x(r) = |∇n(r)|/ n(r), ϕ i (r) the Kohn−Sham orbitals, τ(r) = ∑ i f i ϕ i (r)∇ 2 ϕ i (r) ( f i is the occupation), and we use the index i for occupied and a for unoccupied orbitals. As discussed in the following, in the case of 5BU sufficient accuracy was obtained with meta-hybrid functionals, and therefore representatives of the last rung were not tested. In our calculations we chose PBE 10 in the GGA, M06L 16 in the meta-GGA, B3LYP 17 ) . In all cases the Dunnings cc-pVTZ 21 correlation consistent basis set was used. For the numerical integrations of the xc energy we used a grid, with 75 radial shells and 302 angular points per shell. As convergence criterium we used a threshold of 10 −6 au for energy convergence and of 10 −8 in the root-mean-square (RMS) deviation of the density matrix.
To compare the different performances, we computed the excited state energies and characters using for all functionals the same optimized molecular geometry obtained with the M06 functional. A description of this structure is given in Ref 6 , where the most relevant geometrical parameters (bond lengths and Wiberg's bond indexes) are discussed. CIS(D) calculations were performed with Gaussian09, while Turbomole 22 was used for the CC 23 and ADC(2) 24, 25 calculations. All these calculations used a cc-pVTZ basis set. 21 Calculations of 5BU solvated in MeOH were also performed to compare with experimental absorption data and to investigate the decay channel leading to the experimentally observed photocyclization. The solvent was represented implicitly and treated as a continuum dielectric medium using the polarizable continuum model (PCM) in its integral equation formalism (IEFPCM) 26 variant. In this representation, the solvent is characterized solely by its relative static dielectric permittivity ϵ r that we set to 32.61. 27 To model the vertical absorption in the solvated phase, full geometry optimizations of 5BU in the electronic ground state were performed with different functionals. For each ground state optimized geometry, the electronic excitation energies were obtained and compared to experiments when available. To cover the experimentally observed energy range, the first 10 vertical excitations have been taken into account. Simple Lorentzian functions envelopes (with full width at halfmaximum of 0.25 eV) have been used to model the Franck− Condon lines broadening and take into account the effect of thermal broadening.
It has been shown that the inclusion of thermal broadening in the calculation of absorption spectra can play an important role in the description of optical absorption of molecules.
28−31
In particular, using first-principles MD, it is possible to capture the asymmetric broadening of the different absorption peaks and the corresponding peak shifts. However, in this work we did not consider thermal effects since the static results were already sufficient to assess the performance of the different functionals.
To further analyze the results obtained for the excited states, we have also quantified the overlap of the orbitals participating to the CT excitations using the Λ diagnostic parameter 32 as implemented in the Gamess program suite. 33 For these calculations we used the same basis set (cc-pVTZ) and xc functionals adopted in the other calculations performed with Gaussian09.
Within Gamess, 33 we used a Lebedev grid with 96 radial points and 770 angular points, an energy threshold of 10 −6 au was used for the self-consistent field convergence, and a PCM approach with charge scaling set to ϵ r − 1/ϵ r was applied to model the solvation in MeOH. These changes in the simulation conditions did not cause significative variations in the results. In particular, no changes were observed in the energies, transitions assignment, and oscillator strengths. To better evaluate the influence of exact exchange on the results, the Gamess program suite was also used to tune (in the gas phase) the range separation parameter γ in the long-range corrected version 34 of the GGA functional BLYP 35 (BLYP was chosen to compare directly with CAM-B3LYP). As suggested by Stein et al., 36 this tuning was performed by minimizing the difference between ionization potential and −ϵ H , the eigenvalue of the Kohn− Sham (KS) HOMO. Finally, for the study of the photochemical reactive decay path of solvated 5BU (as above, the solvent was modeled implicitly using PCM), a set of constrained and unconstrained geometry optimizations on the first excited state was performed using the M06 functional. For these calculations restricted KS LR-TDDFT was used. We verified, by comparing with energies obtained with unrestricted KS calculations at two points in the vicinity of bond formation, that a restricted description is justified.
RESULTS AND DISCUSSION
3.1. Validation of DFT/LR-TDDFT xc Functional. In this section, we investigate the performance of the different DFT functionals ranked according to the Perdew's ladder. For dark excitations, we compare directly the excited state energies of selected states with high level reference calculations performed at the CIS(D) and CC2 level of theory. These tests will be performed in the gas phase, a choice motivated by the fact that most high level calculations are not available in implicit solvent and results are not easily comparable with experimental results. For bright excitations we will validate our LR-TDDFT calculations based on experimental quantities (absorption spectra).
Validation in Gas Phase. Assessment of the Dark States. In ref 6 the first two electronic excited states of 5BU have been characterized in the Franck−Condon region using high level post-Hartree−Fock methods. It has been shown that the first excited state transition is dark and has mainly intrachromophore uracil nπ* character. The second excited state transition can be assigned to a uracil ππ* transition. However, only the vertical excitation energy to the first excited state is The Journal of Physical Chemistry A Article well predicted by all selections of active spaces (the results are all between 4.93 and 5.02 eV). Instead, the vertical excitation energy to the second excited state depends strongly on the active space considered in the calculation. In particular, it was found that when multistate multideterminantal wave function expansions correlating only the valence π and n orbitals are considered, the vertical excitation energy for this state is not reproduced accurately. The same effect was already noted in the case of the uracil moiety itself. 37 The vertical excitation energies to the first three excited states obtained with high level calculations and with LR-TDDFT with the different tested functionals are reported in Figure 2 . We group the transitions into two main classes that are characterized by a different mixture of intrachromophore CT (CT within a single chromophore moiety) and interchromophore CT (between the two chromophores). In many cases, the transitions appear to have a mixed character and therefore it was necessary to introduce a third class for the mixed-character case. The assignement of the computed transitions to the different classes was based on the overlap between the hole and excess density produced upon excitation (orange and black densities in Figure 3 ). This classification is rather arbitrary, and it serves only to simplify the terms of the following discussion. An inspection of the character of the transitions in Figure 3 will help to go beyond this simplified picture.
The results for the different xc functionals (Figure 2 ) are organized following their order in the Perdew's ladder. All the predicted energies increase systematically from left to right, i.e., as we move up in Perdew's ladder. This is particularly true for the CT states (interchromophoric as well as mixed, intra-and interchromophore, transitions) shown in blue and black. As it can be observed, when the GGA approximation is used, the intrachromophore transitions (of mainly nπ* character in the intrauracil component) is underestimated by ∼0.6−0.8 eV with respect to the higher level reference values (CC2). This indicates clearly that the most local approximations of the xc functional do not adequately describe the energy of this particular transition. Instead, starting from the meta-hybrid level of approximation (M06 functional), the energy of this type of transitions increases, suggesting improved predictivity for this class of xc functionals.
The interchromophore CT and the mixed (intra-and interchromophore) transitions involve also an important ππ* component from both chromophores (black and blue solid lines in Figure 2 , respectively). Both transitions have very similar CT character with hole on the benzene and excited electron on the uracil when PBE, M06L, B3LYP, and M06 functionals are used (see Figure 3) . With M06-2X and CAM-B3LYP instead, the character of the low-lying transitions (Figure 2 , red lines) changes drastically, and they become almost pure intrachromophore transitions, typical of the two separated chromophore species (see Figure 3) . In particular, the character of these transitions is now associated with the benzene dark ππ* transition (5.10 eV in isolated benzene at the CASPT2 level of theory 6 ) and the uracil dark nπ* and bright ππ* transitions (4.54 and 5.0 eV in isolated uracil at the CASPT2 level of theory 38 ). The pure interchromophore CT transitions observed with the first set of functionals have now higher energies and are not shown. As mentioned in the Introduction, the energy of CT states is usually underestimated by the local and semilocal approximations, and the use of functionals like CAM-B3LYP and M06-2X is recommended in some cases. However, in ref 32 it was shown that the use of long-range corrections may not improve CT transitions when the overlaps between the occupied and virtual orbitals participating in the electronic transitions are larger than a given threshold. In these cases, the quality of the results may even worsen when this type of functionals are used. In the same work, a quantitative measure for the threshold, the so-called Λ parameter, was introduced. This parameter measures the overlap of the orbitals participating in the electronic transition, and its calculation has been proposed as a diagnostic tool of the reliability of local and semilocal xc functionals in the evaluation of CT transition energies. In fact, it has been observed that (statistically) the CT excitation energies have significant errors if the value of the parameter falls below 0.5 for the GGA (PBE) and below 0.4 for hybrids (B3LYP). 39, 40 When the Λ parameters associated with CT transitions are greater than 0.5, on the other hand, the CT transitions are frequently well described by standard GGA functionals like PBE. The Λ parameters obtained for the transitions of 5BU examined here lie in the intermediate overlap range between 0.45 and 0.65. These values are above the critical threshold and seem to indicate that the degree of CT associated with these states is not due to the use semilocal xc functionals. The Journal of Physical Chemistry A Article As mentioned in the Computational Details section, to further investigate the impact of Hartree−Fock long-range corrections for our system, we also determined the optimal value of the separation parameter γ. Taking the GGA functional BLYP, 35 the calculated optimal value is γ = 0.26 bohr −1 , below the standard value (∼0.33 bohr −1 ) recommended for range separated functionals. 36 This observation indicates that large fractions of exact exchange (as in M06-2X) or addition of exact exchange at long and short range (as in the asymptotically corrected hybrid CAM-B3LYP functional) may not necessarily improve the characterization of the intrachromophore transitions in 5BU in the gas phase.
In summary, while it is possible to observe a clear trend for the energies and the ordering of the states moving up the Perdew's ladder, it is still unclear if the range-separated functionals provide a better description of the absorption spectra of 5BU at its optimized geometry in gas phase or not. Additional calculations performed at CIS(D) and CC2 levels of theory are not sufficient to draw a final conclusion about the correct ordering of the states: CC2 predicts a first transition at 5.04 eV with nπ* character, while the two ππ* states lie slightly higher in energy (5.26 and 5.31 eV, with mainly intrachromophore and mixed character, respectively); CIS(D), on the contrary, has a similar behavior as the two range-separated hybrids, but all energies are strongly blue-shifted and lie above 6 eV.
The situation becomes less intricate as soon as we move away from the optimized ground state geometry along a reaction path that brings closer to the product, 5,6BU. To show this trend, we performed LR-TDDFT calculations with the structure characterized by a value of R c = −3 Å along the reaction coordinate described in the following section (section 3.2). At this geometry, the orbital reorganization is such that all molecular orbitals not directly involved in the process are destabilized and shifted up in energy. The first and dominant transition, which is a mixture of intra-and intermolecular ππ*, is now well described by meta-hybrids (M06) and also rangeseparated hybrids (CAM-B3LYP) as shown in Figure 4 and Table 1 . This was not the case at the ground state optimized geometry.
Validation in Solution: Assessment of the Bright States. The performance of the different functionals in calculations for solvated 5BU is assessed in the following by direct comparison with the experimental absorption spectrum. In this case, the relevant states are those associated with bright ππ* transitions (the nπ* transitions have small oscillator strengths and therefore they cannot be observed experimentally). Calculations were performed using (i) the M06 functional which, among the local and semilocal tested functionals, provides the best agreement in the gas phase, (ii) the M06-2X and CAM-B3LYP to investigate further the effect of using massive exact exchange at all distances (M06-2X) and range separated functionals with exact exchange at long-range (CAM-B3LYP), and (iii) the PBE functional (even though it is known to be less accurate, this functional was tested in view of future calculations; see section 3.2).
In Figure 5 , we show the experimental absorption spectra (continuous black curves), together with the theoretical predictions obtained with different functionals. The tested functionals, except for PBE, correctly predict the bimodal shape of the spectrum (even if the spectra are blue-shifted in all cases). The error in the transition energies can be estimated by comparing the position of the lowest energy peak in the computed spectrum with the experimental one. The M06 functional (upper left panel) yields the most accurate results with an error of only 0.26 eV. This result confirms that transition energies are well described by this functional. With M06-2X and CAM-B3LYP (upper right panel and lower left panel, respectively) excitation energies are instead slightly overestimated for this system. Consistently with the gas phase calculations, the PBE functional (lower right panel) underestimates the transition energies. Moreover, the predicted spectrum loses the experimental bimodal shape. In Table 2 , we report the energies for the first two excited states for different functionals.
In Figure 6 , we show the isosurfaces of the transition densities corresponding to the two lowest lying electronic excitations. At variance with what observed in the gas phase, the intrauracil moiety transitions of nπ* and ππ* characters are considerably mixed. The origin of this mixing can be attributed to solvent polarization effects on the ππ* and nπ* transitions in uracil already reported in the literature. This solvatochromic effect was in fact observed in studies of uracil in solution performed using both LR-TDDFT 41 and wave function based approaches. 42 Moreover, again at variance with the gas phase, the lowest intrachromophore transitions located on the benzene moiety are found at energies higher than 6 eV (results not shown). Finally, Figure 6 also shows how the CT contribution of these transitions decreases systematically along the sequence in Figure 6 . In particular, with PBE the CT component is dominant for both excitations, while with M06 a strong CT character is observed only for the first excitation (in which the uracil ππ* transition is also dominant). 43 When the CAM-B3LYP and M06-2X functionals are considered, all CT contributions become negligible, and the transitions are mainly localized on the uracil, with only a slight perturbation induced by the aromatic π electrons of the benzene. The Λ parameters associated with the transitions (also reported in Figure 6 ) indicate that in all cases the orbital Figure 4 . Isosurface plots of the transition densities in the gas phase using the M06 xc functional (on the left side) and the CAM-B3LYP xc functional (on the right side) computed for the structure characterized by a value of R c = −3 Å along the reaction coordinate described in section 3.2 and Figure 7 . The isovalue is set to κ = 0.002. Positive density differences are in gray (electron) and negative (hole) in orange. Based on the analysis reported so far, reliable LR-TDDFT results are obtained when the M06 functional is used. In particular, moving along the reaction path that connects the initial structure (5BU) to the photoreaction product (5,6 BU) the differences between meta-hybrid functionals (M06) and rangeseparated hybrids (CAM-B3LYP) tend to vanish. In the case of 5BU in solution, we also found that the use of range separated hybrids worsens slightly rather than improving the quality of the absorption spectrum. We believe that due to the large value of the Λ parameter, the M06 functional gives the most accurate and balanced description of the different excited states in 5BU (intra-and interchromophores).
In this section, we will therefore use the M06 energies to benchmark the performance of the PBE functional along the decay path identified in ref 2 and summarized below as a possible route to 5,6BU formation after photoexcitation. A general picture of the deactivation mechanisms of 5BU in solution has already been suggested in ref 2 based on minimum-energy path calculations (geometry relaxations in the electronic excited state) performed using the M06 functional. In particular, it has been shown that the relaxation of the molecule on the second excited state PES (whose main character is given by the uracil nπ* state) is associated with the fluorescence emission of the molecule. Two possible decay paths were also identified on the PES corresponding to the bright ππ* excited state in the Franck−Condon region. Along the first relaxation path, the deactivation mechanism implicates only the uracil moiety. Its structural changes upon relaxation involve a puckering motion of the excited pyrimidine DNA heterocycle. This motion is known to be linked to nonradiative The Journal of Physical Chemistry A Article decay paths via conical intersections. 37, 38, 41, 42, 44 The other channel, instead, involves both chromophores and is driven by the electrostatic coupling induced by the interchromophore CT transition discussed in the previous section. Depending specifically on the perturbations induced by the presence of the phenyl moiety, this decay channel is characteristic of 5BU and has never been observed in other nucleobase derivatives.
Following the idea that this last decay path is the one responsible for the photoinduced cyclization of 5BU, we performed a scan of the ππ* excited state PES with M06 along the reaction coordinate R c , defined as the negative of the C6− C10 atomic distance (see Figure 1c for the atoms labeling). These are the two atoms forming the extra bond in the photoproduct 5,6BU (Figure 1d) . The results obtained are reported in Figure 7 (red curve). The energy at R c = −3.66 Å is computed using an unconstrained geometry optimization on the ground state PES (and represents the equilibrium structure in the Franck−Condon region). Similarly, the energy at −2.81 Å corresponds to the optimized geometry on the CT PES, which is a local minimum on this surface. The energies at R c = −3.0 Å, R c = −2.5 Å, and R c = −2.1 Å are obtained via constrained optimizations in which all molecular degrees of freedom are allowed to change except for the ones associated with the distance R c . The others energies have been extrapolated with single point calculations on the average nuclear coordinate between two optimized geometries. Figure 7 shows that there is at least one monotonically decreasing energetic path on this surface that brings the two atoms to a distance of 2.1 Å. The electronic configuration of the two carbon atoms (C6 and C10) changes dramatically along the path. In the reactant state (structure on the left in Figure 7 ) the carbons have a sp 2 planar configuration. At the end of the path they assume a pyramidal sp 3 hybridization allowing for covalent bond formation between them (structure on the right in Figure  7) . Moreover, the small energy gap between excited and ground state PESs at R c ≃ −2.1 Å (less than 0.1 eV) opens the possibility of nonadiabatic transitions back on the ground state PES. It can be expected that the excess kinetic energy accumulated along the path can drive the two carbon atoms at closer distance than what shown in Figure 7 . In this case, if short enough distances are reached during the relaxation motion, the covalent bond formation between the two atoms becomes possible (also in the ground state). Another possible competing reaction path could, after the nonadiabatic transition to the ground state, drive the system back to the starting ground state equilibrium structure (following the ground state PES gradients pointing toward the starting equilibrium ground state configuration).
An accurate description of the bond formation mechanism requires the application of ab initio molecular dynamics (MD) methods in which the description of nonadiabatic effects are included. This type of simulation can be efficiently performed using the LR-TDDFT based trajectory surface hopping approach to nonadiabatic dynamics. 45−48 In view of the possibility to perform nonadiabatic dynamic calculations on this photoinduced cyclization process, we tested the performance of computationally less demanding functionals of the GGA family. In particular, in Figure 7 we report energy profiles along the reaction path coordinate R c using TDDFT with the functionals PBE (blue curve), M06 (red curve), and ADC (2) 49 (black curve). All calculations are performed using the implicit solvent model COSMO as described in section 2. We note that both TDDFT curves are in qualitative good agreement with the reference ADC(2) calculation. Even though PBE fails in the description of the PES in the Franck−Condon region, the two TDDFT PESs become parallel for values of |R c | shorter than 3 Å. It is important to mention that ADC (2) produces instabilities close to the crossing points with the ground state where we obtained a negative value for the excitation energy (open black circles in Figure 7 ). This pathology of ADC (2) is already well documented in the literature. 50 Further tests using nonadiabatic dynamics approaches are required to determine which functional (e.g., M06 or PBE) is better suited (i.e., reliable and computationally Figure 7 . Energy scan of the excited zwitterionic PES using the M06 xc functional (in red). The reaction coordinate (R c ) corresponds to the negative of the C6−C10 distance. The results obtained using the PBE xc functional are also reported (blue) together with points computed at ADC(2) level of theory (black). Open black circles indicate the point of instability of the ADC(2) calculation, which is characterized by a negative excitation energy. Insets show the structure of solvated 5BU at the ground state equilibrium geometry (left) and for a C6−C10 distance of 2.1 Å (right). affordable) for the simulation of this photocyclization process and to assess the effect of the small barrier on the M06 curve.
CONCLUSIONS
We showed that when the M06 xc energy functional is used, LR-TDDFT provides a good description of the photophysical and photochemical properties of 5BU, becoming a valid alternative to more sophisticated wave function based calculations, which are computationally too expensive for dynamics.
In the gas phase, while it is possible to detect a trend for the energies and characters of the states as one moves up the Perdew's ladder of functionals, we could not identify a clear sign of convergence; the effect of adding more exact-exchange at short and long separations is hard to predict and can be very different for states having different amount of CT character, as measured by the parameter Λ. However, we could find points in the configuration space for which the differences among the functionals became less important, therefore making the selection of the functional more straightforward and less arbitrary.
Adopting the implicit solvent model, we observed a good agreement with experimental data in the evaluation of the lowest bright ππ* states transition energies in solution (within an error of 0.26 eV). Tests performed using different xc energy functionals show that with local and semilocal functionals transition energies are severely underestimated due to the CT character associated with the interchromophore transitions. We also showed that in 5BU the use of M06-2X or CAM-B3LYP does not necessarily improve the results. On the contrary, the transition energies are overestimated and the CT presence in the character of the states might be spuriously underpredicted.
Concerning the reactive path, the presence of the strong CT character in the lowest bright ππ* electronic transition predicted by the M06 functional may play a critical role in explaining the photoreactivity of the 5BU: the zwitterionic character of 5BU in this excited state induces a relaxation motion that can lead to the covalent bond formation observed in the photoproduct. The performance of the PBE functional for the calculation of the PESs along this putative reaction path was investigated in view of future LR-TDDFT-based nonadiabatic MD calculations. These simulations will allow the study of the bond formation mechanism at the base of the cyclization photoreaction that from 5BU leads to 5,6BU. We found that even though the GGA approximation of the xc functional cannot describe the photophysical properties of the molecule in the neighborhood of the Franck−Condon region, a qualitative agreement with the M06 results is obtained in regions of the configurational space far from the Franck− Condon region but relevant for the study of the decay path. 
